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ON ELECTROKINETIC PHENONENA AT BIOLOGICAL SURFACES 

W I T H  SPECIAL CONSIDERATION OF THE RED BLOOD CELLS 

A. Varga 

ABSTRACT. The e lec t r ica l  charge and f i e l d  s t r e n g t h  - 
- - -  a t  t h e  c e l l  membrane of human e r y t h r o c y t e s  are determined 

and t h e i r  importance f o r  modern d i a g n o s t i c s  s t r e s s e d .  
Each red  b l o o d . c e l 1  c a r r i e s  about 8000 elementary charges 
a t  t h e  membrane su r face .  

E l e c t r o k i n e t i c  processes  a t  l i m i t i n g  s u r f a c e s  are a commonly occur r ing  

phenomenon in animate and inanimate na tu re .  

a t  b i o l o g i c a l  s u r f a c e s  as energy r e s e r v o i r s  f o r  c e r t a i n  processes .  

They have p a r t i c u l a r  s i g n i f i c a n c e  

I n  gene ra l ,  in format ion  exchange between the l i v i n g  cell  and i t s  

environment proceeds by means of t h e  s u r f a c e  charge of the ce l l  membrane [14]. 
The ce l l  membranes receive ( through charge changes) s t o r e  (with t h e i r  double  

l a y e r  capac i ty)  and convert  the a r r i v i n g  in fo rma t iona l  energy i n t o  chemical 

energy. This i n fo rma t iona l  energy can be  of biochemical  ( n u t r i e n t s ,  hormones 

e t c . )  o r  phys i ca l  n a t u r e  ( e x t e r n a l  f o r c e  f i e l d s ,  such as e lectr ical  and magnetic 
f i e l d s  o r  t h e  g r a v i t y  f i e l d ) .  These e f f e c t s  produce i o n  concent ra t ion  g r a d i e n t s  i 

i 
and thus  p o t e n t i a l  d i f f e r e n c e s  a t  t h e  cel l  membrane s u r f a c e ;  Thus the info-ma- 1 

n a t u r e ,  running i t s  course a t  t h e  boundary s u r f a c e  between t h e  ce l l  and t h e  i 

surrounding m i l i e u .  I 

i 
i 

i t i o n  exchange between t h e  l i v i n g  c e l l  and i ts  environment is e l ec t rochemica l  i n  

L 

I 

,a * t c 

? , 
Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  the o r i g i n a l  f o r e i g n  text. 
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Human blood f u l f i l l s  many e s s e n t i a l  f u n c t i o n s ,  and can b e  

organ.  I n  every cubic  m i l l i m e L e r  of blood there are suspended 

c a l l e d  a l i q u i d  

ome f i v e  m i l l i o n  

r ed  blood cel ls  ca r ry ing  a nega t ive  e lectr ical  charge.  This work r e p r e s e n t s  an 

at tempt  t o  determine t h e  amount of the charge and t h e  f i e l d  s t r e n g t h  appearing 

a t  t h e  c e l l  membrane s u r f a c e  of a r e d  blood ce l l  on the b a s i s  of  t h e  well-known 

geometr ica l  conf igu ra t ion  of human e ry th rocy te s .  It w a s  found t h a t  each r ed  

blood c e l l  carries approximately 8,000 elementary n e g a t i v e  charges a t  i t s  mem- 

b rane  s u r f a c e .  Apparently the s t a b i l i t y  of t h e  blood suspens ion  is  a l s o  main- 

t a i n e d  i n  t h i s  way. 

The s i g n i f i c a n c e  of t h e  e ry th rocy te  s u r f a c e  charge f o r  modern d i a g n o s t i c s  

is no t  ta be  underest imated.  Numerous biochemical  and b i o p h y s i c a l  p rocesses  are 

d e t e c t a b l e  through a l t e r a t i o n s  i n  charge,  e s p e c i a l l y  w i t h  v a r i a t i o n s  of t h e  pH 

va lue  o r  of t h e  i o n i c  s t r e n g t h  of the blood.  Various environmental  f a c t o r s  a l s o  

a f f e c t  t h e  s u r f a c e  charge of blood cells ,  as, f o r  example, a i r  p r e s s u r e ,  temp- 

e r a t u r e ,  certain e l ec t romagne t i c  v i b r a t i o n s ,  and e s p e c i a l l y  high-energy r a d i -  

a t i o n s .  

I n  theory ,  f i e l d s  s t r o n g e r  than  134 V/cm m u s t  produce a measurable  charge  

displacement a t  e r y t h r o c y t e  membranes thus  d i s t o r t i n g  their  f u n c t i o n  i n  gas  

t r a n s p o r t  and exchange. How broadly  t h i s  i d e a  a p p l i e s  w i l l  b e  shown i n  the 

course  o f  f u r t h e r  i n v e s t i g a t i o n .  

A .  INTRODUCTION 

E l e c t r o k i n e t i c  phenomena a t  boundary s u r f a c e s  occur  i n  animate and 

inanimate na tu re .  

biochemical  mechanisms. A d i f f u s i o n  b a r r i e r  arises due t o  va r ious  i n t e r -  

molecular  f o r c e s  at two d i f f e r e n t  phases .  Thus l a y e r s  of electrical  charge 

carriers form - e l e c t r o n s ,  i o n s  and e l e c t r i c a l  d i p o l e s  - because almost a l l  

molecules either have a p o l a r , e l e c t r i c a l  s t r u c t u r e  o r  c a r r y  f r e e  charges  as 

ions .  Then a c e r t a i n  arrangement of t h e  p a r t i c l e s  appears ,  followed by d i r e c t e d  

electrical f o r c e s .  

They are d e c i s i v e  f o r  a l a r g e  number of b iophys ica l  and 

In chis way the electrical  double l a y e r  o r i g i n a t e s  [l]. 
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The e lectr ical  double l a y e r  always appears  a t  the boundary s u r f a c e  between 

two s t a t i o n a r y  phases w i t h  d i f f e r e n t  chemical and p h y s i c a l  p r o p e r t i e s ,  whether 

t hese  phases are o rgan ic  o r  i no rgan ic .  The s ta te  of aggrega t ion  a l s o  has  no 

e f f e c t .  This i s  shown by numerous examples  i n  n a t u r e .  Fog and smoke owe their 

e x i s t e n c e  s o l e l y  t o  t h e  e lectr ical  charge a t  the s u r f a c e s  of t h e i r  p a r t i c l e s .  

The p a r t i c l e s  r e p e l  each o t h e r  because of their similar electrical  charge,  and 

s o  remain homogeneously d i s t r i b u t e d  i n  space .  Our g lobe  fo-rms an e l e c t r i c a l  

double l a y e r  w i t h  the atmosphere.  It appears  a t  the boundary s u r f a c e  of a 

s o l i d  phase (Ear th)  and a gaseous phase (atmosphere).  The t o t a l  electrical  

charge of one l a y e r ,  t h e  E a r t h ,  amounts t o  some 0.5 10 ampere-hours. Cloud . 6  

masses w i t h  d i f f e r e n t  temperature  and m o b i l i t y  develop s u r f a c e  charges as gas- 

gas l i m i t i n g  s u r f a c e s .  There is a charge exchange through l i g h t n i n g  s t r o k e s ,  

i n  which t h e r e  develops an  average p o t e n t i a l  of  0.3 10 V and a c u r r e n t  of 

about 0 .1  10 A. Ino rgan ic  p a r t i c l e s  such as q u a r t z  i n  a l i q u i d  a l s o  show 

a nega t ive  charge of  t h e i r  s u r f a c e  wi th  r e s p e c t  t o  the l i q u i d .  Boundary l a y e r  

phenomena between two d i f f e r e n t  s o l i d  phases are ex tens ive ly  s t u d i e d  i n  physics. 

They f i n d  their  b r o a d e s t  a p p l i c a t i o n  i n  e lec t ro- technology,  as, f o r  exanple ,  

semiconductor e f f e c t s  f o r  diodes and t r a n s i s t o r s ,  thermo-pair e f f e c t s  i n  

measurement technology,  o r  through t h e  inverse, so-ca l led ,  P e l t i e r  e f f e c t  f o r  

coo l ing  devices .  

6 

6 

Elec t rode  p o t e n t i a l s  p l ay  a wider  r o l e  as a r e s u l t  of boundary l a y e r  

phenomena. They arise i f  an e l e c t r o d e  of conduct ive material i s  dipped i n t o  a 

l i q u i d  ( e l e c t r o l y t e ) .  A p o t e n t i a l  d i f f e r e n c e  appears  between t h e  e l e c t r o d e  

and the l i q u i d .  I n  measurement of very  low c u r r e n t s ,  as i n  b i o e l e c t r i c i t y ,  

t h i s  process  in t roduces  s e r i o u s  problems, and can l e a d  t o  f a l s i f i c a t i o n  of the 

exper imenta l  r e s u l t s .  

The f u l l  importance of t h e  e lec t r ica l  double l a y e r  is no t  y e t  

But w e  r e a l i z e  that these phenomena can r e p r e s e n t  comprehensible i n  medicine.  

an  energy source  f o r  mechanical  s u b s t i t u t e  organs.  That i s ,  i f  w e  d i p  two 

e l e c t r o d e s  of d i f f e r e n t  conducting materials such as m e t a l s ,  i n t o  a body 

f l u i d  ( e l e c t r o l y t e )  such as u r i n e  o r  blood,  a c u r r e n t  f lows between the elec- 

t r o d e s .  This  electrical  energy can s u f f i c e  t o  s t i m u l a t e  o r  a c t i v a t e  an 
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a r t i f i c a l  organp f o r  i n s t a n c e ,  an implanted electrical  pacemaker f o r  heart 

p a t i e n t s .  

Aside from thermal p rocesses ,  there is a l s o  an electrical  process  t ak ing  

p l a c e  i n  the microc l imate  sur rounding  our s k i n .  Contact  and f r i c t i o n  of body 

and c l o t h i n g ,  as w e l l  as between l a y e r s  of c l o t h i n g ,  produce a charge separa-  

t i o n ,  and s o  a p o t e n t i a l  d i f f e r e n c e ,  and thus  a f i e l d  s t r e n g t h ,  p a r t i c u l a r l y  

f o r  c lo th ing  made from a r t i f i c i a l  f i b e r s .  t h e  

va lue  of th is  f i e l d  s t r e n g t h  is  of t h e  o r d e r  of magnitude of 100 V / c m ,  that is ,  

about one-hundred-fold t h e  f i e l d  s t r e n g t h  of t h e  atmosphere. K i t h  e s p e c i a l l y  

dry  a i r ,  t h i s  v a l u e  can reach 1,500 V/cm o r  more, s o  that  s p a r k s  up t o  5 cm 

long can occur  when the c l o t h e s  are removed. This i n d i c a t e s  t h a t  a f i e l d  

s t r e n g t h  of over  150 kV/cm p r e v a i l s  i n  the a i r .  

t r a n s v e r s e  o r  r a d i a l  p o l a r i z a t i o n .  I n  c o n t r a s t  t o  t h i s ,  t h e r e  is head-foot 

p o l a r i z a t i o n ,  i n  which environmental  i n f l u e n c e s  are expressed as s t i m u l a t i n g  

e f f e c t s .  W e  d e s i g n a t e  t h i s  process  as l o n g i t u d i n a l  p o l a r i z a t i o n .  

/3 
With ord inary  body movements 

W e  c a l l  t h i s  process  

I n  b i o l o g i c a l  o b j e c t s  and sys tems,  boundary s u r f a c e s  appear  a t  a11 p l a c e s  

where d i f f e r e n t  t i s s u e s  come i n t o  c o n t a c t ,  such as a t  c e l l  membranes, s k i n ,  

connec t ive  t i s s u e  s h e a t h s ,  c a p i l l a r y  membranes, chromosomes, mi tochondr ia ,  and 

fur thermore ,  a t  all v i s i b l e  and i n v i s i b l e  boundary l a y e r s .  The double  l a y e r  

has  g r e a t  s i g n i f i c a n c e  i n  b io logy .  

t i o n a l  i n f  o m a t i o n  t r a n s f e r  are presumably coupled w i t h  double l a y e r  p o t e n t i a l s  

and c a p a c i t i e s .  The p o t e n t i a l  d i f f e r e n c e s  and v o l t a g e s  which appear  a t  t h e  

cel l  membrane s u r f a c e s  of b a c t e r i a l  cells, nerve cells and r e d  b lood  cells 

( e ry th rocy te s )  due t o  charge d i f f e r e n c e s  are of p a r t i c u l a r  importance.  In t h e  

fo l lowing  w e  a t t empt  t o  c a l c u l a t e  these va lues  €or  e r y t h r o c y t e s .  

Enzyme r e a c t i o n s ,  and g e n e t i c  and loca-  

B. PHYSIOLOGY OF THE ERYTHROCYTES 

1. Genera l  Cons idera t ion  of t h e  Ery throcytes  

The name “e ry th rocy te”  f o r  the r e d  b lood  cells i s  of Greek o r i g i n .  

Ery throcytes  are found only i n  t h e  blood of l i v i n g  v e r t e b r a t e s .  They vary  i n  
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number and s i z e .  

molecules are bound i n  the form of i r o n  oxide.  

t h e  blood flow. The i r  p h y s i o l o g i c a l  f u n c t i o n  is  that of oxygen t r a n s f e r ,  i .e . ,  

gas exchange between t h e  lungs and t i s s u e s .  The e ry th rocy te s  are non-nucleated 

cel ls  which do n o t  reproduce,  b u t  are formed i n  the red  bone marrow. In  humans, 

t h e r e  are about f i v e  m i l l i o n  e ry th rocy te s  i n  one cub ic  millimeter of blood. 

These blood cells have no g e n e t i c  appa ra tus ,  and n e i t h e r  nuc leos ide  o r  p r o t e i n  

s y n t h e s i s  occurs  i n  them. The i r  metabolism is pure ly  g l y c o l y t i c .  That is ,  t o  

o b t a i n  energy they u s e  t h e  chemical energy of a s i n g l e  n u t r i e n t ,  g lucose  [ 2 ] .  

The t o t a l  weight  of t h e  r e d  blood cells of a human can b e  c a l c u l a t e d  i n  the 

fol lowing way: 

of t h e  blood is made up of e ry th rocy te s  [ 8 ] ,  w e  o b t a i n  the fol lowing weight  

p ropor t ion  f o r  humans w i t h  G ki lograms body weight :  

They o b t a i n  their red c o l o r  from hemoglobin, co which oxygen 

Mammalian e ry th rocy te s  move i n  

I f  w e  assume that 8% of our  body weight is blood,  and t h a t  44% 

I G~ = 3,52  IO-^ G [kg] 
~ 

1 
a. 

of t h e  b lood  is 

For an a d u l t  human w i t h  a body weight  of G = 70 kg, the t o t a l  mass 

G~ = 70 0 ~ 0 8  = 5,6 kg 

= 1.1 [83, we o b t a i n  ' 'B o r ,  i f  w e  cons ider  the s p e c i f i c  g r a v i t y  of the blood 

a blood volume of 

b .  For the same person,  according t o  (l), the p ropor t ion  o f  

e ry th rocy te s  t o  t h e  body' weight  is  

' sG,  = 3,53 * X O - ~  - 70 = 3/46 kg. 



2 .  ( ;eGzct ry  of t h e  Erythrocytes  

'ihe e ry throcytes  have a c i r c u l a r  shape,  and resemble a t o r u s  more than a 

sphere  ( see  Figure  1). 

L 

Figure 1. Representa t ion  of  an  
e ry throcyte  model. The ery thro-  
cy tes are non-nucleated, f l a t  , 
c i r c u l a r  cells w i t h  a central 
depression.  They have a l i f e -  
t i m e  of about 4 months. 

F igu re  2 .  
c r o s s  s e c t i o n  f o r  c a l c u l a t i o n  of t h e  
s u r f a c e  area. 

Geometry of the e r y t h r o c y t e  

W e  can approximately c a l c u l a t e  t h e  s u r f a c e  of t h e  e r y t h r o c y t e  by d i v i d i n g  i t  

i n t o  two p a r t s ,  a t o r u s  and a segment of a sphere .  

a. Torus (F ) 1 

The ou te r  s u r f a c e  of a t o r u s  can b e  c a l c u l a t e d  from t h e  geomet r i ca l  

r ep resen ta t ion  (see F igure  2 )  as fol lows:  1 F, = 2 1 pi,. 1 1 i 

I .  

= 5156P 
3114 * 245 

I80 
For c = 245" and r = 1.3 1-1 i t  fo l lows  t h a t  1 = x 1 3  - 
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The mean r ad ius  (R ) f o r  the t o r u s  s u r f a c e  is fit a - = - I e 3K 0 

Then i t  fo l lows  from (2) that E, = 2z * 3 ' I.'" p2', 

b. S p h e r i c a l  segment (F ) 2 

From the formula f o r  the s u r f a c e  area of a s p h e r i c a l  segment, f o r  

_ _  
h x 0,6 p (measured i n  F igure  2) 

e 319 P (measured i n  F igu re  2) 

i t  fo l lows  that  

Then 

From 

of a 

I E, z z ~ h  = 6,28 - 3,g  * 0,6 = 1 4 7  p2. 

the t o t a l  s u r f a c e  area i s  
i 

1 
F = 2, f22, = 100 f z * 14,7 = IZg14 130 p2* k 

2 this  s u r f a c e  (130 1-1 ) w e  o b t a i n  by means of the formula f o r  the s u r f a c e  

sphe re ,  F = 4 j r2 ,  the so -ca l l ed  reduced r a d i u s  (R,) . T h i s  is t h e  r a d i u s  - /6 
of t h e  sphe re  w i t h  which w e  could approximately r e p l a c e  the e ry th rocy te .  

Thus : 

o r  

' 2  13c = 4nR, 

F igu re  3 r e p r e s e n t s  t h i s  sphe re  w i t h  t h e  reduced r a d i u s  (R ) .  r 
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3. Development of E lec t r ica l  P o t e n t i a l s  a t  the Erythrocyte  Surface  

In g e n e r a l ,  t h e  electrical  p o t e n t i a l  d i f f e r e n c e  a t  boundary s u r f a c e s  of 

porous membranes which i n c l u d e s  t h e  

b i o l o g i c a l  membranes, c o n s i s t s  of two 

component p o t e n t i a l s  namely 

I 

1) the p o t e n t i a l  d i f f e r e n c e  

between the two s i d e s  of t h e  membrane 

(Donnan p o t e n t i a l )  and 

2) t h e  p o t e n t i a l  d i f f e r e n c e  

between one s i d e  of t h e  membrane and the 

surrounding medium (Helmholtz l a y e r ) .  Y 
Figure 3. Cross s e c t i o n  of an  1. The p o t e n t i a l  g r a d i e n t  between - 

ery throcyte ,  and of a sphe re  
rep lac ing  t h e  e ry th rocy te ,  having t h e  i n n e r  and o u t e r  s i d e s  of the c e l l  

t h e  radius  R = 3 . 2 ~  i n s t e a d  of membrane arises from t h e  cont inuous 
R = 4 p .  movement of i o n s  i n  bo th  d i r e c t i o n s  

(dynamic equ i l ib r ium) .  Also,  the 

r 

concentrat ion of c a t i o n s  and an ions  (see Table  I) on bo th  s i d e s  of a s e m i -  

permeable membrane cannot b e  the same, because  the concen t r a t ion  of p r o t e i n s  

TABLE I. DISTRIBUTION OF INORGANIC COMPONENTS BETWEEN BLOOD 

PLASMA AND ERYTHROCYTES (ACCORDING TO STRAUB [ 1 2 ] ,  PAGE 5 4 4 ) .  

r-- 
1 I M i l l i e q u i v a l e n t s -  p e r  l i t e r  of water  

Ion 
Ery tIi r ocy t es 

Na 10-27 

K 95 - PI0 
Ca 0,25 - I,O 

Mg 315 - 415 

ex 
HCO, 



is  g r e a t e r  on one s i d e  than  on t h e  o t h e r  [ 1 2 ] .  For this  reason ,  a p o t e n t i a l  

d i f f e r e n c e  appears  a t  the c e l l  membrane from d i f f u s i o n  of t h e  i o n s .  This  can 

b e  demonstrated by means of a s imple  experiment w i t h  e r y t h r o c y t e s .  If blood 

is allowed t o  c o o l  i n  a test tube ,  potassium leaves the e r y t h r o c y t e s  through 

+ 
pump. 
then  mig ra t e  from t h e  blood plasma t o  t h e  cells. 

I n  o rde r  t o  main ta in  the electrical  n e u t r a l i t y  o f  the cel l ,  K ions  

- 
/ 8  I 
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t h e  membrane, On an increase i n  temperature ,  t h e  potassium r e t u r n s  t o  t h e  cells. 

I f  g lucose  is added t o  the blood,  the l o s s  of potassium i s  delayed,  and t h e  
i 
I 
i 

uptake  a c c e l e r a t e d ,  depending on the requirement .  A s  the potassium leaves t h e  i 

t ce l l ,  as a r u l e  sodium d i f f u s e s  i n  t h e  oppos i t e  d i r e c t i o n .  This  i n d i c a t e s  t h a t  /7 
the e ry th rocy te s  main ta in  their  h igh  potassium concen t r a t ion  only  through their 1 
metabo l i c  p r o c e s s 3  i n  which the catabol ism of carbohydrates  p l ays  the major  

r o l e  [31. The m o b i l i t y ,  s i z e ,  and concen t r a t ion  of the ions  a t  t h e  ce l l  mem- 

b ranes  are d i f f e r e n t .  For  t h i s  reason  a d i f f u s i o n  p o t e n t i a l  appears  a t  t h e  t 

i membrane s u r f a c e .  Table  I g i v e s  a comparison of the i o n  concent ra t ion  of b lood  

serum and t h e  r e d  blood corpusc les .  h 
1 
1 + + The N a  and K concen t r a t ions  show the most s t r i k i n g  i n e q u a l i t y  i n  c a t i o n  

The blood plasma shows a h i g h  N a  I- 
t 

+ d i s t r i b u t i o n .  

r e d  blood cel ls ,  by c o n t r a s t ,  there i s  a h i g h  K+ and a low N a  

and a low K+ p i c t u r e ;  i n  the 

concen t r a t ion .  
+ 

I 
It appears  as i f  t h e  e r y t h r o c y t e  c e l l  membrane w e r e  impermeable t o  c a t i o n s ;  b u t  

experiments performed w i t h  i s o t o p i c  ions  show that  bo th  K 

i 

c f 
t and Na' i o n s  can 

p e n e t r a t e  t h e  c e l l  w a l l .  

dynamic equ i l ib r ium 1 . 7  m i l l i e q u i v a l e n t s  of K' i o n s  d i f f u s e  i n  both  d i r e c t i o n s  

Numerical eva lua t ion  of t h e  r e s u l t s  shows that  i n  

z 
I 

1 
t 

through human e r y t h r o c y t e  membranes p e r  hour  and l i ter .  The energy-yielding 

process  of g l y c o l y s i s  p rov ides  f o r  the maintenance of the h igh  K 
+ concen t r a t ion  

t of e r y t h r o c y t e s  i n  r e l a t i o n  t o  t h e  plasma. [. 

1 + Through d i f f u s i o n ,  t h e  K mig ra t e s  from t h e  l o c a t i o n  of h ighe r  
'+ + P 

t; concen t r a t ion  outward, and Na+  inward, b u t  s imul taneous ly  K and N a  a l s o  move 
* 

from low concen t r a t ion  levels t o  h i g h e r  ones by means of g l y c o l y t i c  energy 1 
(active t r a n s p o r t ) .  

the outward t r a n s p o r t  of Na', s o  t h a t  th is  phenomenon i s  c a l l e d  the sodium 

It is  g e n e r a l l y  assumed t h a t  c e l l  work is  requ i r ed  f o r  



For membrane p o t e n t i a l s  i n  gene ra l ,  w e  can fo l low the d e l i b e r a t i o n s  o f  

Nernst  : Under normal cond i t ions ,  and i f  the m o b i l i t y  d i f f e r e n c e s  between the 

i o n s  on bo th  s i d e s  of the ce l l  membrane are n o t  t o o  g r e a t ,  t h i s  p o t e n t i a l  can 

b e  represented  mathemat ica l ly  i n  s i m p l i f i e d  form as: 
i 

This i s  t h e  so-ca l led  Nerns t  equat ion  f o r  the Donnan p o t e n t i a l .  L e t  u s  take 

as an  example t h e  p o t e n t i a l  between blood plasma and e ry th rocy te s  due t o  the 

concen t r a t ion  d i f f e r e n c e  of N a  i o n s .  From Table I ,  w e  o b t a i n  t h e  i o n  conten t  

of t h e  plasma as C % 150 m i l l i e q u i v a l e n t s  and t h a t  of the e r y t h r o c y t e s  as 

C2 % 15 m i l l i e q u i v a l e n t s .  

I 
L 

4- g 
i 

1 

- 10. From th is  i t  fo l lows  that U = 59.1 mV. Thus w e  o b t a i n  - - c1 

c2 m 

6 This p o t e n t i a l  i s  n e g a t i v e  on t h e  o u t s i d e .  This does n o t  apply,  however, f o r  

the e x c i t a t i o n  p o t e n t i a l  of nerve cells.  
1 

2 .  The n e g a t i v e  excess charge a t  the o u t e r  s i d e  of the ce l l  membrane 

attracts the p o s i t i v e l y  charged ions  as w e l l  as d i p o l a r  molecules ,  such as 

w a t e r  and p r o t e i n  molecules.  From these d i p o l e s  and p o s i t i v e  ions  

a c l o u d l i k e  counter - layer  (see F igure  5). These two l a y e r s ,  the n e g a t i v e  one 

t h e r e  forms 1 
! 

E 

Helmholtz l a y e r .  The e lectr ical  double l a y e r  p l a y s  a g r e a t  r o l e  i n  metabolism F 
and informat ion  exchange of t h e  cel l .  The carboxyl  group (-COOH) of the t 

i 
! neuraminic  a c i d s  as w e l l  as t h e  pH va lue  and t h e  c u r r e n t  i o n i c  s t r e n g t h  of t h e  1 
i blood are t h e  d e c i s i v e  p a r t i c i p a n t s  i n  product ion  of the electr ical  double 

l a y e r  [I]. 

i on t h e  membrane s u r f a c e  and t h e  p o s i t i v e  coun te r l aye r  which is  formed, are 

c a l l e d  the e l ec t r i ca l  double l a y e r  o r ,  from the name of the d i s c o v e r e r ,  t h e  i 

i 
f 

Thus, f o r  example, t h e  fo l lowing  f o r c e s  act  on t h e  s u r f a c e  of a r ed  blood 

co rpusc le  i n  suspens ion  a t  equ i l ib r ium (Figure  4 )  : 
P = Po + Pc 
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where 

P =  
- 
- 

P =  
C 

e l e c t r o l y t i c  s o l u t i o n  p r e s s u r e  

osmotic  p r e s s u r e  

e l e c t r o s t a t i c  a t t r a c t i o n  f o r c e .  

ErvthrocyEe membrane 
l i q u i d  surrounding 

0 
0 

6-p 
4 

@ 
0 

Figure  4 .  Development of a s teady  
equ i l ib r ium cond i t ion  i n  the double 
l a y e r  through the a c t i o n  of t h e  
t h r e e  f o r c e s  (P, P and P ) 

0 C 

The p o t e n t i a l  g r a d i e n t  i s  t h e  - I 9  
g r e a t e s t  a t  the beginning of the double  

l a y e r  formation,  s i n c e  the counter-  

p r e s s u r e  (P ) i s  approxina te ly  zero.  As 

soon as the i o n  d e n s i t y  i n c r e a s e s ,  the 

p o t e n t i a l  g r a d i e n t  diminishes  as t h e  

counter-pressure (P ) i s  g r e a t e r  and 

fewer ions  can leave t h e  membrane s u r f a c e .  

This  expla ins  the f a c t  t h a t  the i n c r e a s e  

of i o n  dens i ty  i n  t h e  s o l u t i o n  decreases  

the p o t e n t i a l  d i f f e r e n c e  of the s u r f a c e .  

This  process  cont inues  only  u n t i l  the so- 

c a l l e d  s teady  state is  reached;  that is, 

0 

0 

u n t i l  t h e  electrical  f i e l d  developing w i t h i n  the double l a y e r  has become s o  

s t r o n g  that  b inding  of more p o s i t i v e  ions  is  prevented.  -. 

' Blood 
. .  

F i g u r e  5. Schematic r e p r e s e n t a t i o n  of t h e  e lec t r ica l  double l a y e r  around a n  
e r y t h r o c y t e ,  c o n s i s t i n g  of n e g a t i v e  charges  on the membrane ' su r f ace  and of 
p o s i t i v e  ions  and d i p o l e s  i n  the blood. 

11 



/ 10 - A s  long as  t h e  r e s u l t i n g  n e g a t i v e  charge on 'ihe membrane s u r f a c e  i s  
, 

c o n s t a n t ,  and w i t h  a given  i o n  concen t r a t ion  f o r  "L'ne s o i u ~ i o n ,  "che p o s i t i v e  i o n s  

of t h e  double l a y e r  can ch.ange t h e i r  p o s i t i o n s  b u t  n o t  t h e i r  nm3er. 

l a y e r  adheres  t o  t h e  c e l l  membrane s u r f a c e  and movss along w i t h  rhe memb-rane 

i f  t h e  c e l l  moves through t h e  s o l u t i o n .  If che strength or' the dodble  l a y e r  

exceeds t h e  s t r e n g t h  of t h e  l i q u i d  l a y e r  (x> (see F igure  6 )  there arises a 

p o t e n t i a l  d i f f e r e n c e  between t h e  membrane and t h e  b u f f e r .  

A l i q u i d  

Eur. i f  t h e  s t r e n g t h  

of the double  l a y e r  is reduced to o r  even 

below cha t  of tAe l i q u i d  layer (x) by an 

i n c r e a s e  i n  zhe i o n  concen t r a t ion  of the 

l i q u i d ,  no po.:ential d i f f e r e n c e  appears ,  

as the d i s t a n c e  between the i o n s  i s  roo 

s l i g h t ,  s o  .that the arrangeinent 02 the 

double  l a y e r  i s  des t royed  by i n t e r -  

molecular  f o r c e s .  

F igu re  6. P o t e n r i a l  curve ( U p )  f o r  It can b e  seen  from F igure  6 t h a t  
a certain i o n i c  concen t r a t ion  i n  
t h e  s o l u t i o n  ( v v )  as a f u n c t i o n  of d i f f e r e n t  p o t e n t i a l s  correspond t o  d i f -  

the ais tance . The p o t e n t i a l s  f e r e n t  i o n  conceri t ra t ions (p 'I, pf r  p ' ") 
appear  only beyond a c e r t a i n  d i s -  
tance (x). 

a t  the s u r f a c e  of the water envelope. 

According t o  Freundl ich  and Abramson [lo], 
under no-mal  cond i t ions  this p o t e n t i a l  

h a s  an  average v a l u e  of  27 mV f o r  e ry th rocy te s .  

The p o t e n t i a l  d i f f e r e n c e  between such e lectr ical  l a y e r s  - the electrical 

excess charge - as w e l l  as the capac i ty  of an  e r y t h r o c y t e  is  c r e a t e d  i n  t h e  

fo l lowing  s e c t i o n s .  

4.  Electr ical  Capacity (C) of t h e  Double Layer. 

A sphe re  of known r a d i u s , ( F i g u r e  7) i s  taken  as an analogous model of 
. I  

t h e  e ry th rocy te .  

1 2  

b 
i. 

i 
1 

1 

I 
i 

j 

I 

I 

I 

I 

1 
I 
i 

I 



Figure  7.  Ery throcyte  i n  b u f f e r ,  wi th  
t h e  r e s u l t i n g  e l e c t r i c a l  double  l a y e r  
around i t ,  t o  b e  considered approxi- 
mately as a s p h e r i c a l  c a p a c i t o r .  

The g e n e r a l  

and f o r  t h e  

formula f o r  t h e  e lectr ical  p o t e n t i a l  is  
U =  

R l  

e lectr ical  f i e l d  a t  a s p h e r i c a l  s u r f a c e  w e  have 

Then it fo l lows  that  

From U = - i t  fo l lows  that 
C 

I f  w e  n o t e  that  
4 n = 4 - 3'14. 8,856 - 10-14 = I ,II  0 IO-'* Flcm 

- .  

. .. . 

. .  . . .  

. . ~ 
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t hen  w e  can d e r i v e  

Since the r a d i u s  of t h e  o u t e r  l a y e r  i s  unknown, w e  must assume that  R' i s  /12 
i n f i n i t e l y  d i s t a n t .  This ,  based on formula (5),  g i v e s  this  express ion  f o r  the 

capac i ty :  Y 

This  is t h e  capac i ty  of a n  i s o l a t e d  smooth s p h e r i c a l  s u r f a c e .  I f  w e  i n s e r t  

t h e  a p p r o p r i a t e  va lues  f o r  q = 85 and R 

o b t a i n  

= 3.2 p, t hen  according t o  (8) w e  r 

I C = I , ~ I  85 - 3,2 10-4 = 3 *  IO-^ ' (pFI. 

But s i n c e  t h e  s u r f a c e  of e r y t h r o c y t e s  is  n o t  smooth, bu t  rough (see F igure  8) ,  

w e  mul t ip ly  t h i s  va lue  by an es t imated  f a c t o r  of 2 ,  s o  that w e  now have 

C = 2 - 3 * 10-2 = G * 102 pF. 

I-- 7 
Figure  8. F i n e  s t r u c t u r e  of human r e d  
blood cel ls ,  proving t h a t  t h e  e ry thro-  
c y t e s  do n o t  have a smooth s u r f a c e ,  b u t  
a rough one. In this way, their c a p a c i t y  
is  inc reased ,  as f o r  etched m e t a l  f o i l s .  

f a c t o r  of  2.  
Osborn and S t u a r t ,  London, 1969) .  

I The c a p a c i t y  i s  probably inc reased  by a 
(Photograph by L e w i s ,  
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5. Excess Charge (Q) o f  the Erythrocyte  Membrane 

----o 
u- 

Figure  9.  The e lectr ic  f o r c e  (P ) 

a r i s i n g  from t h e  excess charge (Q) 
and t h e  Stokes f r i c t i o n a l  f o r c e  (P ) 

as a n  express ion  of two f o r c e s  a c t i n g  
i n  oppos i t e  d i r e c t i o n s  on t h e  ' 
e ry th rocy te s  

e 

r 

I f  a d i r e c t  cu r ren t  f lows,  t h e  

e l e c t r i c a l  double  l a y e r  of the ery thro-  

c y t e  w i l l  undergo a t a n g e n t i a l  d i s t o r t i o n .  

t h a t  i s ,  the nega t ive  blood co rpusc le  

moves - becoming d i sp laced  i n  the pos i -  

t ive p o l e  (Figure 9) [Ill. - /I3 

In o r d e r  f o r  t h e  e r y t h r o c y t e  t o  

move and mig ra t e  i n . t h e  electrical  f i e l d  

(E) t h e r e  must be  equ i l ib r ium between 

t h e  e lectr ical  f o r c e  of a t t r a c t i o n  and 

the Stokes f r i c t i o n a l  f o r c e  (see F i g u r e  9 ) :  

- .  . . ., . , . . . - . .-. . . -. .- . 

. . . . . . . .. .. . - - - - . - 

I f  w e  w i s h  t o  express  the e lectr ical  f o r c e  i n  dynes, w e  can w r i t e  

1 Wsec = 1 Coulomb I Volt = 3 * 109 * - 1 
300 

= 107 erg o r  

1 ws 
cm 
-- - I O ~  dyn. 

Thus w e  o b t a i n  E Q . I O ~ = ~ ~ ~ Q I U .  For B = - ' i t  fo l lows  that  E 

I f  w e  s u b s t i t u t e  i n  (10) t h e  va lues  f o r  

- v i s c o s i t y  of  t h e  suspens ion  a t  20' C , T k  = 1.65 CP (according t o  Seaman [SI) 
- mean r a d i u s  of t h e  e r y t h r o c y t e ,  r = 4 10 cm 

- e l e c t r o p h o r e t i c  mob i l i t y  a t  20" C 

-4 



i 

cm? 
Ifo5 Lz- (see Figure  11) 

B =v=  
B 

w e  o b t a i n  the amount of the electrical  excess  charge of  the e r v t h r o c v t e  
Q = 10-7 - 6 . 3,14 . 1,65 10-2 4 . 10-4 - I,OS - IO+ = 1,3 * IO'-'5 As. 

according t o  (10). _. 

f--. I . . 1 

$ I__ + -w"---*--++ 

3 o T J F 4 -  
f-------i- 

15 20 25 0 5 10 ' 
t +- 
0 5 1; 1; 2-0 1; ;o 35 do  

E 1 
I 

Figure  10. E f f e c t  of the c u r r e n t  s t r e n g t h  (I) through a measuring chamber w i t h  
a c ros s  s e c t i o n  of  q = 0.097 squa re  cen t ime te r s ,  o r  a c a l c u l a t e d  f i e l d  s t r e n g t h  
i n  t h e  chamber of Ek = e I /q ,  on the e l e c t r o p h o r e t i c  mob i l i t y  (B) of human 

e ry th rocy te s  suspended i n  a 0.9% s o l u t i o n  of  sodium c h l o r i d e  (pE = 6.96, 
e = 70 R cm). 
rises gen t ly .  

The curve  is  l i n e a r  i n  the range  from 1 0  t o  24 V/cm, and then 

-. - - - _____I 

i From this there fo l lows  the number of e lementary charges:  
P . .  

Q i , 3  10-l~ AS n =  - - - = 8125 elementary charges 
e 1,6 - 10-l~ As 

Beier [5] has obta ined  almost the same value ,  7,870 elementary charges,  

accord ing  t o  a d i f f e r e n t  method. 

16 

p[.P:lr!fi.m! : p  .l$S?, Figure  11. Within the tempera ture  range 
between 10" C and 45" C,  t h e  relative 
dynamic v i s c o s i t y  of  t h e  suspens ion  y 
h a s  a curve almost p a r a l l e l  w i t h  t h a t  of 
t h e  s p e c i f i c  r e s i s t a n c e  z. Thus t h e  
e l e c t r o p h o r e t i c  m o b i l i t y  q u o t i e n t  (B) 
a l s o  does n o t  change i n  this  temperature  0 . S - p  

t range. Because of t h e  c a p i l l a r y  e f f e c t  i n  
09' ' I '  ! . : : : ' - the measuring chamber, t h e  re la t ive vis co- 

s i t y  increases by a f a c t o r  of 1.45. 0 .. - 1 0  20 30 LO PC] 
--. . 



T h i s  s u r f a c e  charge  is p r a c t i c a l l y  unaf fec ted  by tempera ture  i n  t h e  range 

from 10 t o  45" C,  as t h e  v i s c o s i t y  and s p e c i f i c  r e s i s t a n c e  have almost p a r a l l e l  

curves  (see F igure  11) and the mob i l i t y  q u o t i e n t  remains cons'cant. Erythro- 

c y t e s  cen t r i fuged  and suspended i n  0.9% sodium c h l o r i d e  s o l u t i o n ,  as w e l l  as 

those  t r e a t e d  with sodium citrate,  showed no v i s i b l e  d i f f e r e n c e  i n  e l e c t r o -  

p h o r e t i c  mob i l i t y ,  as compared t o  un t r ea t ed  r ed  blood cells.  

The a d u l t  human of about 70 kg has a t o t a l  blood m a s s  of some 5.6 kg o r  

The e r y t h r o c y t e  con ten t  p e r  cubic  millimeter of blood is  about 5 5 .1  l i ters.  

m i l l i o n .  I n  the t o t a l  human blood system, then ,  there f lows i n  d i f f e r e n t  

d i r e c t i o n s  a t o t a l  e lectr ical  c u r r e n t  of about  
- 
Q = . . 106. Q = 25,s - xosp x,3 - 10-16 = 33,1 1 0 ~ A . s  charges 

-. - . -- 

o r  a c u r r e n t  of  

- 
33,I -  IO-^ As 1-22. = = 33,x mA. 

t I sec 

6. P o t e n t i a l  Within the Double Layer,  UD 

By means of t h e ' e f f e c t i v e  charge by means o f  Khich the movement of the 

ce l l  i n  t h e  suspens ion  occurs ,  w e  c a l c u l a t e  the p o t e n t i a l  w i t h i n  the double  

l a y e r  accord ing  to (6) .  

Q 1,3  IO-'^ 
= 21,6 mV. --= 

U D  - c  6 - 10-l~ 

This agrees  i n  o r d e r  of magnitude w i t h  the r e s u l t s  of Freundl ich  and Abramson 

7. Electr ical  F i e l d  (E ) at  the Membrane Surface .  m 

A t  t h e  d i s t a n c e  R from the c e n t e r  of the e r y t h r o c y t e  ( abs t r ac t ed  as a r 
sphe re  i n  this  case) w e  o b t a i n  the fo l lowing  va lue  according t o  ( 6 ) :  

1,3  IO-'^ 
I,II * 10-l~ 85 10~3 - 10-8 = 133r7 

1 
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This  va lue  is about  one hundred times the e l e c t r o s t a t i c  f i e l d  p r e v a i l i n g  i n  the 

f r e e  atmosphere. Tke e l e c t r o c y t e s  f u l f i l l  their f u n c t i o n  under these, i .e . ,  

t h e  normal, e l e c t r o k i n e t i c  cond i t ions .  I f  the i d e a s  and c a l c u l a t i o n s  above 

ag ree  wi th  r e a l i t y ,  t h i s  would i n d i c a t e  that the f u n c t i o n  of t h e  e ry th rocy te s  

could b e  p o s i t i v e l y  o r  n e g a t i v e l y  a f f e c t e d  w i t h  a f i e l d  s t r e n g t h  g r e a t e r  t han  

134 V/cm.  

considered p h y s i c a l l y  and can al low exact mathematical c a l c u l a t i o n s  as a model. 

i 
i This work a l s o  demonstrates  t h a t  even a b i o l o g i c a l  o b j e c t  can b e  

1 
I, 

t 

18 



REFERENCES 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12.  

13. 

14 .  

Netter, H. Theore t i sche  Biochemie (Theore t ica l  BiocLLemistry) Spri-nger- 
Verlag,  Berlin-Heidelberg-Gottingen 1959, pages 215, 263. 

Kriick, F.  Transport  End Funktion i n t r a z e l l u l a r e r  E l e k t r o l y t e .  
(Transport  and Funct ion of I n t r a c e l l u l a r  E l e c t r o l y t e s ) .  
& Schwarzenberg, Munich, 1967, page 118. 

Verlag Urban 

Troschin ,  A. S .  Das Problem d e r  Z e l l p e r m e a b i l i t a t .  (The Problem o f  
C e l l  Pe rmeab i l i t y ) .  VEB Gustav F i sche r  Verlag,  Jena ,  1958, page 253. 

Beier, W.  Einfiihrung i n  d i e  t h e o r e t i s c h e  Biophysik. ( In t roduc t ion  t o  
T h e o r e t i c a l  Biophysics) .  Gustav F i sche r  Verlag,  S t u t t g a r t ,  1965, 
page 70. 

Abramson, H. A. " E l e c t r o k i n e t i c  Phenomena". The Chemical Catalog Co., 
Inc . ,  New York, 1934. 

Abramson, H.  A. and L. S.  Moyer. "The Electr ical  Charge o f  Mammalian 
Red Blood Cells." J. Gen. Phys io l .  Vol. 19 pages 601-607 (1935). 

Cook, G. M. W.  D . ,  D. H. Heard and G. V .  F. Seaman., " S i a l i c  Acids and 
the E l e c t r o k i n e t i c  Charge of the Human Erythrocyte" .  
pages 44-47 (1961). 

Nature ,  Vol. 191,  

Reiche l ,  H. and A. B l e i c h e r t .  Phys io logie  des  Menschen (Human 
Physiology) .  Ferdinand Enke Verlag,  S t u t t g a r t ,  1962, page 152. 

Seaman, G. V. F . ,  D. A. Cook, and D. H. Heard. "The E l e c t r o p h o r e t i c  
M o b i l i t y  of Human Red C e l l s  Resuspended i n  their Native Serum". 
C l i n i c a l  Sc ience ,  Vol. 23, pages 115-121 (1962). 

Freundl ich ,  H. and H. A. Abramson. "On t h e  Ca taphore t i c  Migrat ion 
Ve loc i ty  of Large  P a r t i c l e s  i n  S o l s  and Gels": Z .  Phys ika l .  Chem. 125, 
pages 25-38 (1927). 

Schneider ,  M. Einfuhrung i n  d i e  Phys io log ie  des  Menschen. ( In t roduc t ion  
t o  Human Phys io logie) .  Springer-Verlag,  Berlin-Heidelberg-New York, 
1966, page 24. 

? V 
St raub ,  F. B. Biokemia. Akademiai Kiado, Budapest, 1963, pages 544, 

545. 

Katz,  B. Nerv, Muskel und Synapse. (Nerve, Muscle, and Synapse). 
Thieme-Verlag, 1971, page 42. 

Bentrup, F.-W, " S p a t i a l  C e l l  D i f f e r e n t i a t i o n " .  Umschau Jg.  71:335-339 
(1971). 

T rans l a t ed  f o r  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  under c o n t r a c t  No. 
N E W  2035, by SCITRAN, P. 0. Box 5456, San ta  Barbara,  C a l i f o r n i a  93108. 

19 


